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ABSTRACT
Aedes aegypti mosquitoes, vectors for many human diseases, begin life as larvae developing in
water, potentially exposed to runoff with herbicides and pesticides. This study serves as a novel
investigation into the transstadial effects of exposure to Roundup on A. aegypti life history,
immunity, and stress response and aims to account for these effects in an R0 model for vectorborne disease transmission. Prior work has shown that Roundup negatively affects mosquito life
history. I hypothesized that larval exposure to the maximum sublethal dose of Roundup
(7189µg/L) would negatively impact A. aegypti life history, immunity (candidate gene
approach), and stress response (heat shock protein expression and fluctuating asymmetry). No
significant differences were found for survival from the larval to adult stages, body size, size or
shape fluctuating asymmetry, or sex ratio. However, the Roundup treatment group developed
significantly slower for both time to pupation and to adult eclosion (both p<0.0001). Adult
immune gene expression showed no difference between groups, but the larval immune genes
Dome (JAK-STAT pathway) and Spatzle (TOLL pathway) were downregulated in the Roundup
treatment (p=0.0383 and p=0.0035, respectively), suggesting the larvae have reduced immunity.
This study suggests that Roundup may have off-target effects on A. aegypti mosquitoes that are
unaccounted for by current models, and these effects may potentially alter disease transmission
to human hosts.
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INTRODUCTION
The Aedes aegypti mosquito is the primary vector for many diseases, including Yellow Fever,
Zika Virus, Chikungunya, and Dengue Fever (Weetman et al., 2018). Throughout history,
vector-borne diseases have been a threat to human health. A. aegypti transmit arboviruses
globally, but the disease burden largely rests on Africa, putting 831 million people, or 70% of the
African population, at risk of infection (Weetman et al., 2018). This persistent threat makes
understanding the factors that influence pathogen transmission dynamics of critical importance.
During larval development, mosquitoes are immersed in an aquatic environment and have
a weak ability to disperse (Roux & Robert, 2019). As a consequence, mosquitoes are regularly
subjected to suboptimal and stressful environmental conditions (Roux & Robert, 2019);
especially considering that these aquatic environments are often ephemeral and prone to
anthropogenic disturbance. There is a growing scientific consensus that stress during larval
development can negatively affect adult phenotypes, life histories, immune function, and gene
transcripts (Alto & Bettinardi, 2013; Alto & Lounibos, 2013; Alto, Lounibos, Higgs, & Juliano,
2005; Kim & Muturi, 2013; Muturi & Alto, 2011; Muturi, Kim, Alto, Berenbaum, & Schuler,
2011; Pooraiiouby et al., 2018; Roux & Robert, 2019). Such ‘carry-over’ effects between
developmental stages can be irreversible for a given individual or even persist through
subsequent generations (Ezeakacha & Yee, 2019; Mousseau & Fox, 1998). In A. albopictus,
warmer larval rearing temperature resulted in a shorter development time to adulthood, and
reduced adult midgut barriers to pathogen dissemination (Alto & Bettinardi, 2013). In both A.
albopictus and A. aegypti, adult mosquitoes that experienced greater inter and intraspecific larval
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competition had higher Sindbis virus (SINV) titers (Alto et al., 2005). These studies suggest that
larval environmental stress may have a direct impact on disease transmission dynamics.
Modelling Stress and Disease Transmission
To better understand how stressful environmental conditions might impact disease transmission,
it is convenient to first establish a transmission model and then determine how environmental
stress could influence model outcomes. A common method for modeling transmission is through
the Basic Reproductive Number, R0. R0 is a measure of the secondary cases established as a
result of a single original infection in a naïve population (N. Hartemink, Cianci, & Reiter, 2015).
R0 is described as (1).
𝑅𝑅0 =

𝑚𝑚𝑎𝑎2 𝑏𝑏𝑏𝑏𝑝𝑝𝑛𝑛
(− ln(𝑝𝑝))𝑟𝑟

(1)

R0 incorporates the ratio of vector to human host densities (m), the mosquito biting rate (a),
infected-human to susceptible-mosquito transmission efficiency (c), infected-mosquito to naïvehuman transmission efficiency (b), survival of the mosquitoes (p), human recovery rate (r), and
the length of the extrinsic incubation period (EIP) required for the pathogen within the mosquito
(n) (N. Hartemink et al., 2015; N. A. Hartemink et al., 2009; Jones, 2007; Mordecai et al., 2019;
Smith et al., 2012; Smith & McKenzie, 2004; Tennant & Recker, 2018; Tesla, Demakovsky,
Packiam, et al., 2018). Common environmental factors like temperature can impact model
variables, such as the mortality rate, the biting rate, and the length of the EIP (N. A. Hartemink et
al., 2009). The impact of environmental stressors on other model components, has not been well
explored.
One promising avenue of research is how model components might be affected by stress
and vector immunity. Work in A. aegypti has shown that larval stressors such as poor nutrition
2

and crowding reduce adult mosquito immune function (Kim & Muturi, 2013; Telang, Qayum,
Parker, Sacchetta, & Byrnes, 2011). Stress-related immune suppression may alter disease
transmission by allowing the pathogen to evade the mosquito’s immune response and more
readily translocate to the salivary glands where transmission occurs. To better understand how
environmental stressors, such as exposure to Roundup™ during critical developmental periods,
affect the R0 model of disease transmission, factors that affect the transmission efficiencies can
be more clearly defined to elucidate relationships with model components. When a naïve vector
takes an infected bloodmeal, the probability that the vector becomes infected upon ingestion of
the infected bloodmeal is transmission efficiency c (N. A. Hartemink et al., 2009). Additionally,
transmission efficiency b is the probability that an infected vector infects a naïve host upon
biting the naïve host (N. A. Hartemink et al., 2009).
In current literature, transmission efficiency c is understood to incorporate the probability
that the pathogen will cross the midgut barrier and reach the salivary glands to become
transmissible (N. Hartemink et al., 2015; N. A. Hartemink et al., 2009; Jones, 2007; Mordecai et
al., 2019; Smith et al., 2012; Smith & McKenzie, 2004; Tennant & Recker, 2018; Tesla,
Demakovsky, Packiam, et al., 2018). However, the components of the probability c have not
previously been well defined. This probability of dissemination is dependent upon the vector’s
immune response, which occurs throughout the infection in the midgut, the hemocoel, and the
salivary glands. To clarify the role of the mosquito immune response, it is helpful to further
define the components of c, the probability the pathogen will survive and disseminate from the
midgut to the salivary glands and be transmissible by the vector. Therefore, we can decompose c
in a novel manner, in which variable c encompasses the probability of the pathogen surviving
3

within the midgut and crossing the midgut barrier (Pg), the probability of the pathogen surviving
in the hemocoel (Ph), and the probability of the pathogen reaching and surviving within the
salivary glands (Ps). Within c, Pg can be further broken down into the probability of evading the
vector’s midgut immune response (Pgi) as well as the probability of evading defenses of the
midgut microbiota (Pgm) (2). Midgut microbiota have been shown to influence vector
competence, with reduced microbiota leading to increased susceptibility for infection by both
DENV and Plasmodium (Dennison, Jupatanakul, & Dimopoulos, 2014).
𝑐𝑐 = P𝑔𝑔 × 𝑃𝑃ℎ × 𝑃𝑃𝑠𝑠 = 𝑃𝑃𝑔𝑔𝑔𝑔 × 𝑃𝑃𝑔𝑔𝑔𝑔 × 𝑃𝑃ℎ × 𝑃𝑃𝑠𝑠

(2)

Additionally, the factors influencing the probability c have not previously been well
defined. These factors include the immune response of the mosquito vector, the pathogen load
taken up by the naïve vector (threshold level), the condition of the vector (including age, geneenvironment influence), the condition of the pathogen (including life stage, gene-environment
influence). Decomposing c facilitates an understanding of how an environmental stressor on the
vector may ultimately influence the ability of the vector to combat an immune response and the
probability of pathogen disseminating from the midgut to the salivary glands. This enhances our
predictive ability in using R0 to distinguish the effects of environmental stressors on vector-borne
disease transmission.
Agrochemicals, Stress, and Immunity
A significant category of stress common to many insects is exposure to agrochemicals
(pesticides, herbicides, heavy metal contaminants, etc.), which have been shown to influence
insect behavior, population size, and immune function (Balbuena et al., 2015; Henry et al., 2012;
Motta, Raymann, & Moran, 2018; Whitehorn, O'Connor, Wackers, & Goulson, 2012). For
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instance, low concentrations of neonicotinoid pesticides can negatively impact immunity in the
agriculturally important honeybee, Apis mellifera (Pamminger, Botias, Goulson, & Hughes,
2018), as well as other native pollinators like bumblebees (Whitehorn et al., 2012). Further
research has also indicated that neonicotinoid exposure can result in homing failure and reduced
foraging capability in A. mellifera (Balbuena et al., 2015; Henry et al., 2012). These off-target
effects of agricultural pesticides are alarming and have been suggested to play a large role in
honeybee Colony Collapse Disorder. Unfortunately, few studies have been conducted on the
indirect effects of agriculturally important insecticides and herbicides on other non-target insects.
Roundup™ is the most used agricultural herbicide in the world, with approximately 300
million pounds applied annually in the United States alone (Atwood & Paisley-Jones, 2017).
Glyphosate, the active ingredient in Roundup™, has been shown to decrease levels of beneficial
gut microbiota and increase susceptibility to pathogens in honeybees, which are ever-present in
agricultural plots (Motta et al., 2018). However, much of the application of herbicides like
Roundup™ have been found in adjacent agricultural ditches and in the waterways far from
agricultural fields (Battaglin, Kolpin, Scribner, Kuivila, & Sandstrom, 2005; Wan, Kuo,
McPherson, & Pasternak, 2006). Little research has been done on how Roundup™ or other
agrochemicals affect insects that use these ditches and waterways. This is especially important
for organisms with aquatic life stages, such as mosquitoes, which oviposit and undergo critical
stages of early development in standing water, which may contain chemicals from agricultural
run-off.
The small group of studies that have examined agrochemical effects have largely focused
on how they affect mosquito life histories rather than immunity (Morris, Murrell, Klein, &
5

Noden, 2016). Morris et al. (2016) evaluated the effects of larval exposure to sub-agricultural
concentrations of Roundup™ and the herbicide Beyond™ on adult life history traits, including
eclosion time, survivorship, and body mass. Exposure to Roundup™ at medium and high subagricultural levels negatively impacted survivorship, and exposure at high levels negatively
affected eclosion time (Morris et al., 2016). Exposure to Beyond™ at low concentrations
increased survivorship, and medium concentrations resulted in decreased body mass of adult
females (Morris et al., 2016). Bara, Montgomery, and Muturi (2014)’s investigation of the larval
exposure to Roundup™’s active ingredient glyphosate and the herbicide atrazine on adult life
history traits of A. aegypti and A. albopictus indicated skewed sex ratios. Additionally, Kibuthu,
Njenga, Mbugua, and Muturi (2016) studied the life history effects of glyphosate, along with
three other non-herbicide agrochemicals, on Anopheles arabiensis and Culex quinquefasciatus,
revealing that agricultural chemicals have the potential to alter oviposition and fecundity,
potentially impacting the spatial distribution of disease vectors. To date, no research has been
published on the effects of larval exposure to sublethal, agriculturally relevant doses of
herbicides on mosquito immune function or disease transmission. The use of a sublethal dose is
important, as it can minimize mosquito mortality while still inducing morbidity. If immune
suppression occurs at this exposure dose, the potential for agrochemicals to alter disease
transmission rates greatly increases.
Objectives
The overall objective of my thesis is to evaluate components of the following multifaceted
hypothesis: exposure to sublethal doses of herbicides during the larval stage of A. aegypti
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impacts adult life history, juvenile and adult stress response, and adult immune function, which
ultimately impacts the adult mosquito’s competency to vector arboviruses (Figure 1).
Larval exposure
to sublethal
concentration of
Roundup

Adult mosquito
life history,
immune function,
& stress response

Viral titers in
mosquito
immune system

Disease
transmission:
prevalence and
intensity in host

Figure 1. Potential effects of Roundup™ on mosquitoes and disease transmission. This figure shows the
proposed pathway of effects on mosquito immune function. This thesis focuses on the first two squares in the
model.

My Thesis serves as an initial step to achieving the overall objective stated above, with
the goal of better understanding how Roundup™ can affect vector-borne disease transmission.
My thesis will more specifically evaluate the hypothesis that larval exposure to sublethal,
agricultural application levels of Roundup™ will negatively impact adult A. aegypti mosquitoes’
life history traits, stress response, and immune function. Future work, following my thesis, will
evaluate viral titers in the mosquito immune system, using the model Sindbis virus (SINV).
Figure 2 illustrates how the three components are related to each other and to vector capability:
larval development in Roundup™ may induce stress, which has been shown to alter immune
strategies (Shelley Anne Adamo, 2017); in turn, this may inhibit the mosquito’s barriers to
infection and dissemination, increasing disease prevalence in human hosts. This thesis
encompasses three larger aims and sub-hypotheses regarding larval exposure to Roundup™:
-

Aim 1: Evaluate the effects of larval exposure to Roundup™ on the A. aegypti
mosquito’s life history traits.
o Hypothesis 1: Larval exposure to Roundup™ alters life history traits.
o Prediction: Relative to controls, sub-lethal doses will increase development time
and reduce body size, while minimally affecting the sex ratio and survival.
7

o Motivation of prediction: No change in survival is expected with the use of the
maximum sublethal dose, as survival of the experimental and control groups
should not significantly differ. The expected reduction in body size follows from
Morris et al. (2016)’s findings of decreased body mass of adult females after
exposure to Beyond™. We expect exposure to Roundup™ to increase
development time, in accordance with prior studies (Bara et al., 2014; Morris et
al., 2016). While Bara et al. (2014)’s study found a male bias in the adult sex
ratio, we do not predict a change in sex ratio given negligible effects on survival.
-

Aim 2: Evaluate the effects of larval exposure to Roundup™ on the A. aegypti
mosquito’s stress response.
o Hypothesis 2: Larval exposure will result in increased signatures of stress in
larvae and adults.
o Predictions: Larvae and adults will exhibit increased expression levels of HSP70
and HSP 83 and asymmetry in wing length and shape after larval exposure to
Roundup™.
o Motivation of Predictions: Heat shock proteins are a well understood measure of
organismal stress. Following prior research indicating increased expression of
HSP70 in response to thermal stress (Sivan, Shriram, Muruganandam, &
Thamizhmani, 2017), we also predict toxicological stress will increase heat shock
expression. Asymmetry in typically symmetric morphological traits is a measure
of developmental stress and instability (Van Valen, 1962). We predict larval
exposure to Roundup™ will induce asymmetry in wing size and shape, following
8

prior studies on symmetry and the stress response of other insects (Alves, Moura,
& de Carvalho, 2016; Gonzalez-Tokman, Martinez-Morales, Farrera, del Rosario
Ortiz-Zayas, & Lumaret, 2017).
-

Aim 3: Evaluate the effects of larval exposure to Roundup™ on the A. aegypti
mosquito’s immune function via levels of gene transcription.
o Hypothesis 3: Exposure of larval mosquitoes to sublethal doses of Roundup™
will reduce immune gene transcription in larvae and adults.
o Predictions: Mosquitoes reared as larvae in Roundup™ will exhibit reduced
immune gene expression compared to adults reared in controls.
o Motivation of Predictions: Stress has been shown to modulate insect immunity (S.
A. Adamo, 2017). Furthermore, agrochemicals are known to affect the behavior,
population size, and immune function of other insects (Balbuena et al., 2015;
Henry et al., 2012; Motta et al., 2018; Pamminger et al., 2018; Whitehorn et al.,
2012). Given the negative effects of agrochemicals on mosquito life histories
(Bara et al., 2014), we predict the additional energetic costs for physiological
functions will strain immune investment, resulting in downregulated immune
genes (reduced immune function).
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Figure 2. Hypothesized effects of the herbicide Roundup™ on mosquitoes, and their indirect effects on
mosquitoes’ vector capabilities. This figure illustrates the relationship between each component of the
hypothesized pathway: Life history, stress response, and immunity. The solid black arrow represents known
relationships. Dotted arrows represent proposed pathways. Dotted red arrows represent the focal relationships of
this thesis.

The relationship between physiological stress and the disease outcome is complex, as any
change in the various components can influence R0, and these effects may counteract each other
or have an additive effect (Figure 2). If vector survival is negatively impacted, the mosquito has
less exposure to human hosts, which may reduce host disease prevalence. However, if the
mosquito’s immune function is downregulated at the same time, this reduced immune function
may make the mosquito more prone to viral infection, thereby increasing host disease
prevalence. The nature and extent of these multiple effects will ultimately determine the
outcome of host disease prevalence, and no single variable can solely account for disease
occurrence.
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BACKGROUND
Mosquito Immunity
Currently, A. aegypti mosquitoes are known to have 476 immune genes and over 100 recognition
molecules. Their humoral immune response is largely comprises the TOLL, IMD, and JAKSTAT pathways, resulting in the production of antimicrobial peptides (AMPs), as shown in
Figure 3A (Wang, Chang, Wang, Zheng, & Zou, 2018). Melanization of invading pathogens
also plays a key role in mosquito immune function. A. aegypti has 10 genes encoding
Prophenoloxidase (PPO), the precursor to Phenoloxidase (PO), which governs the conversion of
tyrosine into melanin (Wang et al., 2018). In response to arboviruses, such as Dengue Virus, the
TOLL and the JAK-STAT pathways are activated. The Sindbis Virus (SINV) results in
activation of the IMD pathway by midgut microbiota in A. aegypti as well (Wang et al., 2018).
The midgut serves as the first barrier to arboviral infection (Figure 3B), and from there the virus
spreads into the hemocoel of the mosquito (Liu et al., 2018). Small interfering RNA (siRNA)
and midgut microbiota also play a role in the immune response to viral infections (Liu et al.,
2018).
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Figure 3. Innate Immunity in Aedes aegypti mosquitoes. A: Once a mosquito takes an infected bloodmeal, the
pathogen crosses the midgut epithelium and enters the hemolymph, from which it travels to the salivary glands. The
recognition of the pathogen leads to maturation of Spatzle (Spz) in the Toll Pathway, which leads to the activation of
the Rel1 transcription factor. The IMD leads to the activation of transcription factor Rel2, and both Rel1 and Rel2
result in production of antimicrobial peptides (AMPs). Dicer-2 recognizes foreign RNA and leads to processing into
siRNAs, which are then used for anti-viral defense by RISC. The JAK-STAT pathway is activated by Udp binding
to the Dome receptor, which then leads to the auto-phosphorylation of Hop, phosphorylation of Dome, and
activation of STAT, a transcription factor. B: Within the midgut, pathogens face defense mechanisms by the RNAi,
JAK-STAT, and Toll pathways, as well as inhibition by midgut microbiota. C: Once in the hemolymph, the
Phenoloxidase cascade and AMPs target pathogens. D: Within the salivary glands, the mosquito produces several
immune effectors to target pathogens, including CEC-like peptide. E: Once the pathogen crosses the midgut barrier,
it can also travel to the neural tissues, where additional effectors prevent uptake of the viral pathogens. Reproduced
from “Mosquito Defense Strategies Against Viral Infection” by Cheng, Liu, Wang, & Xiao, 2016. Trends in
Parasitology, 32(3), 177-186.
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Pattern recognition receptors (PRRs) recognize foreign pathogen-associated molecular
patterns (PAMPs) and activate the Toll pathway through the cleavage of Spaetzle, which then
results in the degradation of the Cactus protein (Kumar et al., 2018). Cactus then no longer
inhibits Rel1, and Rel1 travels to the nucleus to act as a NFkB transcription factor to upregulate
immune genes (Kumar et al., 2018). The Toll pathway is utilized in response to gram-positive
bacteria and fungi, as well as the Dengue Virus (Kumar et al., 2018). The IMD pathway is
activated by a pathogen binding to PGRP-LC, eventually resulting in the production of the Rel2
transcription factor, which plays a large role in the regulation of the AMP cecropin1 (Kumar et
al., 2018). The JAK-STAT pathway, largely involved in the viral immune response, is
comprised of three main components: Udp peptide, Dome (a transmembrane receptor), and the
proteins Janus kinase (JAK) and STAT (Kumar et al., 2018). This then leads to the production of
AMPs and other immune gene products for the viral response (Cheng, Liu, Wang, & Xiao,
2016). In addition to the JAK-STAT pathway, an RNA-interference (RNAi) pathway is also
used for viral defense, in which Dicer-2 serves as a PRR, leading to the production of siRNAs
that are utilized in the RNA-induced silencing complex (RISC) (Cheng et al., 2016).
Roundup™
Roundup™ is a widely-used herbicide, with the active ingredient glyphosate, and it is applied via
aerial spraying and tractor spraying (Morris et al., 2016). Glyphosate’s mechanism of action as
an herbicide is to inhibit enzymes necessary for the plants to make aromatic amino acids,
eventually killing the plant (Morris et al., 2016). The enzyme, 5-enolpyruvylshikimate-3phosphatase synthase, is only in plants and microorganisms (Janssens & Stoks, 2017).
Glyphosate is widely used for agricultural purposes. In the southern U.S., the average
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application rate is 0.2-7.5 pounds acid equivalent per acre, and for the Pacific U.S., the average is
2.4 pounds acid equivalent per acre (Hawkins, Hanson, & Sells, 2019). In 1974, American
farmers used 0.36 million kilograms of glyphosate, and this has risen to 36 million kilograms
applied in 2000, in which agricultural applications comprised 80% of the total usage (Benbrook,
2016). In 2014, the agricultural use of glyphosate increased by more than three hundred times to
113.4 million kilograms (Benbrook, 2016). Additionally, the overall usage of glyphosate since
its addition to the market has largely been within the last ten years (67% of total use), indicating
a strong presence in our environment (Benbrook, 2016). The most predominant agricultural use
of glyphosate in the U.S. has been for soybeans, corn, and cotton (Benbrook, 2016). Globally,
747 million kilograms of glyphosate were applied for agricultural use in 2014, and 79 million
kilograms were applied for non-agricultural uses (Benbrook, 2016). As a whole, 826 million
kilograms of glyphosate were applied in 2014, equating to 1.8 billion pounds (Benbrook, 2016).
From early on, however, it has been shown that Roundup™ and other pesticides can be
washed off the target plants and end up in runoff and standing water, in which mosquitoes breed
(Kadoum & Mock, 1978). While many ecotoxicological studies focus on testing the effects of
the active ingredient, glyphosate, research has shown that the commercial, field-formulation of
Roundup™, including solvents and surfactants, may be more toxic than the active ingredient
alone, as shown by the greater toxicity of the Roundup™ formulation on the damselfly larvae
(Janssens & Stoks, 2017). My thesis will test the exposure of larvae to Roundup™ rather than
glyphosate to simulate the agriculturally relevant environmental applications of Roundup™ and
its levels found in runoff.
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Runoff concentrations of Roundup™ and its active ingredient, glyphosate, have been
estimated. Wan et al. (2006) found an average concentration of 6µg/L in ditch water in the
Lower Fraser Valley of British Columbia, with a maximum concentration of 3,500µg per kg of
sediments. Skark, Zullei-Seibert, Schottler, and Schlett (1998) found average concentrations of
glyphosate in surface waters at two different locations in Germany at 0.65ng/L and 160ng/L,
with maximums of 240ng/L and 590ng/L, respectively. Morris et al. (2016) tested three
concentrations of glyphosate to simulate agricultural drift at 37µg/mL, 74µg/mL, and 111µg/mL.
Bara et al. (2014) indicated surface waters can contain a range of glyphosate concentrations,
from 2µg/L to 5,200µg/L, and used 5,000µg/L as a target dilution.
Evaluating Stress Response
To date, no studies have evaluated the impacts of insecticides or herbicides on mosquito stress
response. Two common methods for assessing organismal stress is through the examination of
morphological symmetry and through heat shock protein activity. Deviations in bilateral
symmetry are generally assessed through fluctuating asymmetry (FA), which is assumed to
indirectly measure ontological developmental stability. As stress perturbs developmental
trajectories, normally symmetrical traits become non-concordant (Van Valen, 1962). Thus, as
stress increases, so do deviations from symmetry and measures of FA (Leung, Forbes, & Houle,
2000). FA has been used as a biomarker of organismal stress in a Neotropical tadpole exposed
acutely and chronically to Roundup™ Original™ in the larval stage (Costa & Nomura, 2016). In
insects, FA has been used to evaluate the stress response in the dung beetle, Euonoiticellus
intermedius, after exposure to glyphosate (Gonzalez-Tokman et al., 2017). Wing morphology of
Diptera has previously been measured to evaluate population differences and environmental
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stressors. Among several populations of the fly Polietina orbitalis from different geographic
regions, populations differed in wing shape but not wing size, largely due to differences in
temperature, elevation, and precipitation (Alves et al., 2016).
Heat shock proteins (Hsp) are a family of chaperone proteins coded by conserved genes
that are upregulated by organisms in response to environmental stressors (Benoit et al., 2011).
While heat induces the expression of the proteins, other stressors include exposure to chemicals,
pathogen toxins, and lack of oxygen (Shelley Anne Adamo, 2017; Gross, Myles, & Adelman,
2009). A. aegypti adults have been shown to increase expression of Heat Shock Protein 70
(Hsp70) in the midgut after blood feeding, which is thought to protect the mosquito from the
higher temperature of its bloodmeal (Benoit et al., 2011). In response to rising temperatures, or
thermal stress, A. aegypti larvae increase expression of Hsp70 (Sivan et al., 2017). Two closelyspaced clusters of six (three pairs) genes encoding Hsp70 proteins in A. aegypti have been
identified, and the levels of expression of AaHsp70 in A. aegypti can be used as a marker to
monitor environmental stress (Gross et al., 2009).
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RESEARCH DESIGN AND METHODS
Colony Maintenance
Mosquito eggs were originally obtained from Benzon Research and maintained in Percival
incubators at 27°C and a 12:12 L:D light cycle. To start a new generation, filter paper imbued
with eggs was submerged in small cups with 150mL of tap water and two to three pinches of
ground fish food (Hikari Cichlid Gold Floating Pellets). Each cup yielded approximately 200 1st
instar larvae. On day three, a pinch of ground fish food was added and evaporated water
replaced. When larvae were three to four days old, the egg paper was removed from the cups.
The dirty water was then decanted, fresh water was added, and about four whole pellets of fish
food were added; this was repeated every two to three days. When pupae were present, the cups
were placed in cages, with three to four cups per cage to create a high-density environment. On
the first day that adults emerged, three cotton balls soaked in 10% sucrose solution were placed
on top of the cage and covered with a petri dish to prevent rapid evaporation. The egg cups were
continually refreshed until all pupae had transitioned to adults and were then removed.
After the adults were seven to ten days old, sucrose was removed from the cages to
induce starvation. One day later, the mosquitoes were fed defibrillated bovine blood at 37°C for
one hour using large glass hemotek mosquito feeders (Chemglass) wrapped with Parafilm.
Three days after feeding, unbleached coffee filter paper was placed in a cup with water and
added to the cage for oviposition. The paper was removed after three or four days, and it was
then set out to dry for four days. This procedure was repeated at the end of each oviposition to
maintain the egg stocks. The protocol for colony management follows that of similar studies
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(Bara et al., 2014; Muturi & Alto, 2011). All experimental mosquitoes were derived from parents
that had been maintained in the lab for at least 5 generations.
Establishing the Maximum Sublethal Dose
According to the Roundup™ packaging, the stock concentration of Roundup™ was 18%
glyphosate, isopropyl amine salt, or 1.2lbs of glyphosate acid per U.S. gallon, which is
equivalent to 143789000µg/L (Monsanto, 2014). A range of dilutions of concentrations was
tested on A. aegypti larvae, evaluating development time and survival to determine the maximum
sublethal dose, the maximum concentration of Roundup™ at which the survival rates of larvae to
adulthood are equal to the survival rates of larvae that develop in double-distilled water. The
maximum sublethal dose of Roundup™ for A. aegypti to be used was established at 5x10-5 of the
stock concentration, which is equivalent to 7189µg/L. This was comparable to Bara’s estimation
of Roundup™ found in environmental conditions at 5000µg/L (Bara et al., 2014). Furthermore,
double-distilled water was selected as the optimum source of water to make the Roundup™
dilutions and to use as a control solution for the experimental replicates.
Experimental Design
The “Part 1: Colony Maintenance” protocol was followed until three days after eggs hatched,
and double-distilled water was used instead of tap water. On the third day, eighty (60-70 for
Block 1) randomly selected larvae were transferred to 150mL of their respective Roundup™ or
control solutions, as shown in Figure 3, which were also made with double-distilled water.
These cups were then placed in cylindrical plastic containers (17cm diameter, 11cm height) that
have been modified to create cages, as shown in Figure 4. The centers of the lids to the
containers were cut out and replaced with a 8.5cm-wide mesh panel to feed the adults sucrose.
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Figure 4. Modified Experimental Cages.

Once placed in the modified containers, the cups were refreshed every three days with the
respective Roundup™ solution and pellets of fish food until the first adult emerged. Two cotton
balls soaked in 10% sucrose solution were placed on top of each modified cage, covered with a
petri dish, and refreshed every three days. No blood feeding or oviposition took place. As
shown in Figure 5, four blocks of this experimental design were carried out to ensure adequate
sample size; each block contained four replicate experimental groups (Roundup™, 5x10-5) and
two replicate control groups (double-distilled water). The previously outlined aims were carried
out for each block.
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Figure 5. Experimental Design. Four blocks of the experiment were performed. All blocks contained four
experimental replicates (A-D) of larvae developing in the sublethal dose of Roundup™ and two control replicates of
larvae developing in double-distilled water. From each replicate, three late-stage larvae samples (three larvae per
sample) were collected and three samples of adult females (five adult females per sample) were collected (except for
Block 1, in which only adult samples were collected).

Life History Assessment
To evaluate survival to adulthood and development time, all live larvae, pupae, and adults, as
well as dead adults, were counted from the first day the eighty larvae were placed in the cup until
all larvae and pupae had died or transitioned to adulthood, or up until twelve days had passed
(whichever occurred first). After twelve days, the modified cages were placed within larger
cubic cages, and the lids to the modified cages were removed to allow adult mosquitoes to exit
the modified cages. The water cup and based of the modified cage were then removed from the
cubic cage. This ensured that dead adults were removed prior to anesthetizing the live
mosquitoes to facilitate the counting process for life history data and to prevent analysis of adult
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mosquitoes that did not survive to the end of the experimental period. Then, the mosquitoes
within the larger cubic cages were anesthetized by placing the containers in garbage bags and
filling them with CO2 for several minutes. The mosquitoes were then placed on a CO2 pad for
allocation. First, males and females were counted for the sex ratio and total number of adults
(Aim 1). Then, adults were allocated for qPCR samples and wing samples.
Body size was evaluated using mean centroid size of the individual’s left and right wings
as a proxy. Centroid size is a true measure of size that is statistically independent of shape,
calculated by taking the square root of the sum of the squared distances between the centroid of
the object and the individual landmarks (Klingenberg, 2016).
From the developmental data collected, the mean development time to the age of
pupation and to the age of adult eclosion were calculated. Mean development time was used for
comparison because median development time may not accurately represent differences in the
data if the distributions are not normal. The sex ratio and survival to adulthood were also
determined.
Gene Transcript Assessment
Five adult mosquitoes were used to make one sample for qPCR. Three samples of adult
males and three sample of adult females (randomly selected) from each cage were used to
evaluate expression of Heat Shock Protein 70 and Heat Shock Protein 83 (Aim 2) and to evaluate
baseline expression of immune genes via qPCR (Aim 3). Actin-1 was used as a positive, internal
control for qPCR. Moreno-Garcia, Vargas, Ramirez-Bello, Hernandez-Martinez, and LanzMendoza (2015) describe the protocol and primers required for qPCR of immune genes.
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As shown in Table 1, the following genes were evaluated for expression in both larvae
and adult mosquitoes: Actin-1, Spaetzle, Dome, Dicer, PPO-3, HSP-70, and HSP-83. To collect
RNA, samples were put in 250µL of Trizol and stored at -80°C until future use. RNA was
collected with the Zymo Direct-Zol RNA Mini Prep kit (Cat# R2051). Only female adults and
larvae samples were used for gene expression. For Block 2 (Female samples 1-3), Block 3
(Female samples 1-3), and Block 4 (Female samples 1 and 2), the kit was the only method of
extraction. However, this resulted in poor RNA quality values and poor gene expression. To
improve sample quality, chloroform phase separation was performed first prior to using the
Zymo Direct-Zol RNA Mini Prep kit for Block 4 (Female sample 3) and for Block 1 (Female
samples 1-3). 50µL of chloroform was added to each sample containing 250µL of Trizol; the
samples were then vortexed and centrifuged at 10,000g for 18 minutes. The aqueous phase was
then used in the kit to purify the RNA to a total of 50µL, improving sample quality. Reverse
Transcription was then performed using the Bio-Rad C1000 Thermal Cycler and the
Thermofisher High Capacity cDNA RT kit (Cat# 4368813) following a protocol of 25°C for 10
minutes, 37°C for 120 minutes, and 85°C for 5 minutes, producing 20µL of cDNA for every
2000ng of mRNA template, stored at -80°C for future use.
Primers were verified and temperatures were optimized by performing a melt curve for
each primer set. 55°C was determined to be the optimum temperature for annealing. Primers
were diluted to 5µM working solutions. qPCR was performed using 10µL of Itac SYBR, 1µL of
the primer set (forward + reverse, 5µM each), 1µL of the DNA template, and 8µL of DNasefree/RNase-free water, comprising a total of 20µL per reaction. The qPCR was performed with a
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Bio-Rad CFX96 as follows: 95°C for 3 minutes, 95°C for 15 seconds, 55°C for 30 seconds,
repeated 40 times.
RNA and DNA were quantified and evaluated for quality using 2µL of sample a BioTek
Take3 Plate Reader following the default Nucleic Acid Quantification protocol.
The Delta Ct between Actin-1 and the target gene was used to evaluate gene expression
in both adults and larvae to determine if any significant up or downregulation occurred due to
treatment.
Table 1. Gene Expression of Aedes aegypti mosquitoes.

Gene
Actin-1

Gene ID
AAEL011197

Spaetzle

AAEL001929

Pathway
Internal
control
TOLL

Dome

AAEL012471

JAK-STAT

Dicer-2

AAEL006794

RNAi

HSP-70

AAEL017976
or
AAEL017975
AAEL014843
or
AAEL011708
AAEL011763

Heat shock
response

HSP-83
PPO-3

Heat shock
response
Melanization
(PO
Cascade)

Forward Primer
TACAATGAGC
TGCGTGTTGC
AATTTCTCGTG
GTTGGCACG
CAATGCCGGT
AATCTGTCTTC
G
TCGTGCGACA
GTTGTATGAG
AAAATTGGAC
AGCGGCAAGG

Reverse Primer
ATCTTCTCACG
GTTAGCCTTCG
TGTTGCTGTTG
TTGTGGAGG
TGCCGATGTC
GTTTTTCTGG

AGAACTACCA
GGAGATTGCT
GC
ACATCGGAGT
CAACATGCAC

ACTGCAAGCA
ATTTGACCCG

ACGCTTCGTGT
TGTTGGTTC
ATCGTTCCCA
GGTTGTTGAC

TAGAAAAGTT
CACCACGGCG

Assessment of Fluctuating Asymmetry and Body Size
After allocating individuals for qPCR samples, ten adult females were randomly selected to be
used for wing analysis. The left and right wings of the ten females were dissected and mounted
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onto a glass slide for photographing, with ten individuals per slide, and each wing was given an
identification code. Once placed on the slide, clear nail polish was used to create borders
between wings and to adhere a glass cover slide on top. Wings were photographed with a Canon
EOS 7D camera using a 65mm lens (Canon Macro Photo MP-E 65mm, 7D-65mm-1X; zoom=1,
200, 6.3, ISO=100). All wings were photographed in focus, ensuring that 1mm = 211 pixels for
each photograph. Four wings were photographed at a time. Photos were cropped down to
individual wings, and scale bars were added to each photo, as shown in Figure 6. Images were
saved in the TIFF format with LZW compression.

Figure 6. Aedes aegypti mosquito wing, 3-A-F7-L7.

To accomplish Aim 2, fourteen landmarks were selected at the borders and joints of wing
veins, as shown in Figure 7. Wings were digitized and analyzed consistent with current
measures in the field of geometric morphometrics using Procrustes Analyses (Adams, Rohlf, &
Slice, 2013). Wings were digitized using tpsUtil version 1.78 and tpsDig version 2.31 software
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(F. J. Rohlf, 2015; F. James Rohlf, 2018, 2019). tpsUtil was used to create a TPS file of the
wing photographs, and it was then used to randomize the order of the wings. tpsDig was used to
generate Cartesian coordinates for the landmarks, as shown in Figure 8, with each scale set to
1mm = 211 pixels. If wings were damaged or folded, obscured landmarks were marked as
missing in TPSdig. Only wings from Block 1 and Block 2 were digitized for analysis, and
digitization was performed twice. Wings that lacked matches (left or right pair missing) were
excluded from the dataset. Wings that were missing more than three landmarks were excluded
from the dataset. Wings that lacked equivalent digitization were also removed from the dataset.
R 3.6.1 with the “Geomorph” package was then used to determine the centroid size of each wing
by performing a Generalized Procrustes Analysis to remove non-shape variation, generating
Procrustes coordinates. R Geomorph was also used to identify directional and fluctuating shape
asymmetry, producing ANOVA tables (Adams & Otarola-Castillo, 2013). The effect sizes were
compared using the measure of h2, which equals SSeffect/SStotal. Centroid size fluctuating
asymmetry was calculated by subtracting the right wing’s centroid size from the left wing’s
centroid size for each wing.

Figure 7. 14 landmarks selected for Aedes aegypti wing digitization. The order of the landmarks was maintained
throughout digitization.
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Figure 8. Wing digitization using TPSdig software. (F. James Rohlf, 2018)

Statistical Analysis
Outliers were determined by the Grubb’s test and were removed from the data (two outliers from
centroid size data). JMP Pro 12 software was used to perform the following statistical analyses.
Two-sample T-tests were used to evaluate mean centroid size. A one-way ANOVA was used to
evaluate centroid size fluctuating asymmetry. A chi-square test was used to evaluate sex ratio.
To assess development time, data was first checked for normality with the Shapiro-Wilk
Goodness-of-Fit Test to determine whether median or mean development time was most
appropriate to use. Then, development time was assessed via life distribution probabilities, a
Wilcoxon Group Homogeneity Test for treatment differences, and a two-sample T-test. Prior to
analyzing the gene expression results, samples that had gene expression past cycle 34.99 was
removed, and samples that had poor DNA quality (DNA 260/280 < 1.7) were removed to reduce
noise in the dataset. For the gene expression ΔCT results, the a generalized linear model
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assuming normality was applied as follows: ΔCT = Treatment + Block + Replicate[Block].
Least-square means were used to determine up-regulation or down-regulation of genes for
statistically significant differences between ΔCT values among treatment groups.
R version 3.6.1 with the package “Geomorph” was used to analyze size and shape of the
Block 1 and Block 2 wings. Due to limitations with existing programs for wing analysis in R
and other platforms, we assessed wing shape and FA with a piecemeal approach, utilizing a
relative comparison of ANOVA tables. Cartesian landmark coordinates were converted to
Procrustes coordinates via a Generalized Procrustes Alignment using the function “gpagen()”
after removal of wings missing more than three landmarks and the estimation of remaining
missing landmarks using a TPS method. Centroid sizes were also calculated during the
Generalized Procrustes Analysis. The Procrustes coordinates were then used with the function
“bilat.symmetry()” to analyze shape with ANOVAs. Shape ANOVAs were produced for each
treatment within each block, using Type I (sequential) sums of squares and cross products, with
500 permutations, and effect sizes were used to compare the groups to each other. To test our
hypothesis that wings from the experimental and control treatment groups would have different
mean h2 values, we used h2 to compare the effect sizes and evaluate the variance among the
groups, as shown in (3).
ℎ2 =

𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑆𝑆𝑆𝑆𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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(3)

RESULTS
Aim 1: Life History
Development Time
No outliers were found in the pupae development data nor in the adult development data. The
Shapiro-Wilk Goodness-of-Fit Test indicated that the pupae and development data were not
normally distributed (p<0.001 for both; small p values for this test result in rejection of the null
hypothesis that the data is normally distributed). Therefore, the mean age of pupation and mean
age of eclosion were used as measures of development time (instead of the median age). The
mean age of pupation for the control group was 8.883 +/- 0.814 days (n=512 pupae), and the
mean age for the Roundup™ treatment group was 9.150 +/- 0.997 days (n=1007 pupae) (Figure
9). The mean age of pupation was significantly different between the control and Roundup™
treatment groups (two-sample t-test, p<0.0001), with Aedes aegypti developing in Roundup™
taking an average of 0.267 days longer to develop into pupae.
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Figure 9. Development Time: Age of Pupation. The mean age of pupation for the control treatment (8.883 +/0.814 days) was significantly less than the mean age of pupation for the Roundup™ treatment (9.150 +/- 0.997 days)
(Mean +/- Standard Deviation; p<0.0001). Sample sizes were n=512 for the control treatment and n=1007 for the
experimental treatment. Mean ages are indicated by the thick, blue horizontal bars.

A Wilcoxon Group Homogeneity Test was used to compare the mean development times
to become pupae for the control and experimental treatment groups, with a chi-square value of
22.62693 and a significant p value (p<0.0001), verifying that the development time to pupation
significantly differed between treatment groups.
The adult development data consisted of the time to eclosion, or the age at which the
developing individual became an adult mosquito, emerging from the pupal casing. The mean age
of eclosion for the control group was 10.900 +/- 0.869 days (n=472 adults), and the mean age of
eclosion for the Roundup™ treatment group was 11.220 +/- 1.06 days (n=956 adults) (Figure
10). The mean age of eclosion for the control and experimental treatment groups significantly
differed (two-sample t-test, p<0.0001), with the Aedes aegypti developing in the Roundup™
treatment taking an average of 0.320 days longer to develop to adulthood.
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Figure 10. Development Time: Age of Adult Eclosion. The mean age of eclosion for the control treatment
(10.900 +/- 0.869 days) was significantly less than the mean age of pupation for the Roundup™ treatment (11.220
+/- 1.06 days) (Mean +/- Standard Deviation; p<0.0001). Sample sizes were n=472 for the control treatment and
n=956 for the experimental treatment. Mean ages are indicated by the thick, blue horizontal bars.

A Wilcoxon Group Homogeneity Test was also used to evaluate whether the mean
development time to adulthood differed significantly between groups, resulting in a chi-square
value of 27.37498 and a significant p value (p<0.0001), verifying that the development time to
adulthood significantly differed between treatment groups.
Adult Sex Ratio
A chi-square test on the ratio of adult males to adult females across blocks was calculated
(Control n=474 adults, Experimental n=923 adults). The total adult sex ratio was 50.54% males
to 49.46% females. The Pearson chi-square value for the sex ratio was 0.030, and the number of
males did not significantly differ from the number of females (p=0.8614).
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Survival to Adulthood
The mean percentage of individuals that survived from larvae to adulthood for the control group
was 84.4089% +/- 7.12% (n=8 replicate groups), and the mean for the experimental Roundup™
treatment was 84.6117% +/- 8.91% (n=16 replicate groups) (Figure 11). There was no
significant difference in the percentage of mosquitoes that survived from larvae to adulthood
between the control and experimental treatment groups (p=0.9526).
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Figure 11. Survival from Larval to Adult Stage. There was no significant difference between groups in the
percentage of individuals surviving from the larval stage to adulthood (p=0.9526). The mean percentage of
individuals that survived from larvae to adulthood for the control group was 84.4089% +/- 7.12% (n=8 replicate
groups), and the mean for the experimental treatment was 84.6117% +/- 8.91% (n=16 replicate groups). Means of
group are indicated by horizontal green line in center.

Body Size (Wing Size)
Centroid sizes of left and right wings for individuals were averaged, and the mean centroid sizes
for the control and experimental groups were compared after removal of two outliers (Figure 12).
The control mean centroid size was 5.03684mm, with a standard deviation of 0.131562 (n=24).
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The experimental mean centroid size was 5.04114mm, with a standard deviation of 0.155984
(n=35). The two-sample T-test indicated no significant difference between the means
(p=0.9095).
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Figure 12. Mean Adult Body Size. Mean body size was calculated by averaging the mean left wing centroid size
and mean right wing centroid size together. Wing size is a proxy for body size. No significant difference exists
between the mean left and right centroid sizes for the control and experimental treatment groups (p=0.9095). The
control mean centroid size was 5.03684 +/- 0.131562mm (n=24). The experimental mean centroid size was 5.04114
+/- 0.155984mm (n=35). Mean sizes indicated for each group by central, horizontal blue lines. Sample made up of
Block 1 and 2 wings, outliers excluded.

Aim 2: Stress Response
Wing Shape: Directional and Fluctuating Asymmetry
Due to limitations of existing programs in R and other software, we evaluated FA with a
piecemeal approach to provide an estimate of wing shape and symmetry. Procrustes coordinates
were generated from a Generalized Procrustes Analysis for each treatment group for each block,
as shown in Figure 13 and Figure 14. Type I (Sequential) ANOVAs were performed for both
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size and shape for each treatment within each block. The effects of the individual, the side (left
or right wing), and the individual x side interaction (fluctuating asymmetry) were evaluated.

Figure 13. Procrustes Coordinates for Block 1 Wings. Control treatment (left) and Roundup™ treatment (right)
are shown, with black dots indicating the mean landmark and gray dots indicating individual landmarks for each
wing.

Figure 14. Procrustes Coordinates for Block 2 Wings. Control treatment (left) and Roundup™ treatment (right)
are shown, with black dots indicating the mean landmark and gray dots indicating individual landmarks for each
wing.

For the Block 1 Roundup™ treatment, individual and side effects for shape were nonsignificant (p=0.586 and p=0.942, respectively), but the individual x side interaction (FA) for
shape was significant (p=0.002, SS = 0.012098, Df = 16). The total SS for the Block 1
Roundup™ treatment’s Shape was 0.048342, with 67 degrees of freedom. For the Block 1
Roundup™ treatment, the effects of side were non-significant (p=0.614), but individual and the
individual x side interaction were significant (individual: p=0.002, SS=9.8272e-07, Df = 16;
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individual x side: p=0.002, SS=8.6680e-07, Df=16). The total SS for the Block 1 Roundup™
treatment’s Centroid Size was 2.3224e-06, with 67 degrees of freedom.
For the Block 1 Control treatment, individual and side effects for shape were nonsignificant (p=0.490 and p=0.870, respectively), but the individual x side interaction (FA) for
shape was significant (p=0.002, SS = 0.0048665, Df = 7). The total SS for the Block 1 Control
treatment’s Shape was 0.0223857, with 31 degrees of freedom. For this group, no effects were
significant for centroid size (individual: p=0.102; side: p=0.226; individual x side: p=0.180).
The total SS for the Block 1 Control treatment’s Centroid Size was 9.0981e-07, with 31 degrees
of freedom.
For the Block 2 Roundup™ treatment, individual and side effects for shape were nonsignificant (p=0.594 and p=0.170, respectively), but the individual x side interaction (FA) for
shape was significant (p=0.002, SS = 0.011403, Df = 18). The total SS for the Block 2
Roundup™ treatment’s Shape was 0.051937, with 75 degrees of freedom. For the Block 2
Roundup™ treatment, the effects of side were non-significant (p=0.094), but individual and the
individual x side interaction were significant (individual: p=0.002, SS=2.0921e-06, Df = 18;
individual x side: p=0.010, SS=4.3124e-07, Df=18). The total SS for the Block 2 Roundup™
treatment’s Centroid Size was 3.0993e-06, with 75 degrees of freedom.
For the Block 2 Control treatment, individual and side effects for shape were nonsignificant (p=0.490 and p=0.568, respectively), but the individual x side interaction (FA) for
shape was significant (p=0.002, SS = 0.009586, Df = 16). The total SS for the Block 2 Control
treatment’s Shape was 0.043674, with 67 degrees of freedom. For the Block 2 Control
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treatment, the effects of side were non-significant (p=0.180), but individual and the individual x
side interaction were significant (individual: p=0.002, SS=1.2279e-06, Df =16; individual x side:
p=0.028, SS=9.0940e-07, Df=16). The total SS for the Block 2 Roundup™ treatment’s Centroid
Size was 3.2821e-06, with 67 degrees of freedom.
The effect sizes for experimental (Roundup™) and control treatments for Block 1 and
Block 2 were calculated for shape during the ANOVAs produced with R Geomorph. The sums
of squares were used to calculate h2 for each group to accurately assess the variance, as shown in
Table 2. The h2 values for Block 1 Shape were 0.250259 for the Roundup™ treatment and
0.217393 for the control treatment. The h2 values for Block 2 Shape were 0.219554 for the
Roundup™ treatment and 0.21949 for the control treatment. The h2 values were then averaged
across blocks, and 95% confidence intervals were determined. For shape, the mean h2 for the
Roundup™ treatment was 0.234907, with a 95% CI of 0.030397. For the control treatment, the
mean h2 for shape was 0.218442 with a 95% CI of 0.002076. For shape, there was no significant
difference between the experimental and control groups, given that the 95% confidence interval
of the experimental group overlaps with the mean h2 value of the control group.
Table 2. Eta Squared Comparison of Effect Sizes for Wing Shape.

Block 1

Block 2

Shape
SS
SS Total
h2
Shape
SS
SS Total
h2
Mean h2
95% C.I.

Exp.
0.012098
0.048342
0.250259
Exp.
0.011403
0.051937
0.219554
0.234907
0.030397

Control
0.004867
0.022386
0.217393
Control
0.009586
0.043674
0.21949
0.218442
0.002076
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As shown in Figure 15, there was no significant difference in centroid size fluctuating
asymmetry (left wing – right wing) between the control and experimental groups (p=0.8351).
The control mean centroid size FA was -0.00137mm, with a standard deviation of 0.039554
(n=24). The experimental mean centroid size FA was -0.00337mm, with a standard deviation of
0.033802 (n=35).
0.1

0.05

0

-0.05

-0.1

Control

Experimental
Treatment

Figure 15. Centroid Size Fluctuating Asymmetry. No significant difference exists in centroid size fluctuating
asymmetry for the control and experimental treatment groups (p=0. 0.8351). The control mean centroid size FA was
-0.00137 +/- 0.039554mm (n=24). The experimental mean centroid size FA was -0.00337 +/- 0.033802mm (n=35).
Sample made up of Block 1 and 2 wings, outliers excluded. Mean Centroid Size FA indicated by central, blue
horizontal line for each treatment group.

Gene Expression of Heat Shock Proteins
Data with target gene expression above 34.99 cycles or with a DNA quality (260/280) score less
than 1.7 were removed to begin with. Then, a Generalized Linear Model was created, assuming
normal distribution and using the maximum likelihood estimation method, by life stage (larvae
or adult) and target gene. There were no significant differences in gene expression of heat shock
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proteins between treatment groups for both larvae and adults (Figure 16). Adult differences in
gene expression between treatment groups were non-significant. For the adult expression of
HSP 70, the least square mean for the control group was -0.01619 +/- 0.473, and the least square
mean for the experimental group was 0.28015 +/- 0.312933 (n=45, p=0.5404). For the adult
expression of HSP 83, the least square mean for the control group was -0.86355 +/- 0.681, and
the least square mean for the experimental group was -0.92830 +/- 0.464 (n=49, p=0.9282).
Larval differences in heat shock protein gene expression were also non-significant
between treatment groups. For larval expression of HSP 70, the least square mean for the control
group was -2.92167 +/- 0.280, while the least square mean for the experimental group was
-2.97081 +/- 0.205 (n=52, p=0.8748). For larval expression of HSP 83, the least square mean for
the control group was -8.13556 +/- 0.453134, and the least square mean for the experimental
group was -8.89272 +/- 0.325769 (n=53, p=0.1195).
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Figure 16. Heat Shock Protein (HSP) Gene Expression for Larval and Adult Aedes aegypti. Least Square
Means of the Delta Ct values are shown. No heat shock proteins were expressed at a significantly different level
between the control and experimental Roundup™ treatment groups. (Adult HSP 70: n=45, p=0.5404; Adult HSP 83:
n=49, p=0.9282; Larval HSP 70: n=52, p=0.8748; Larval HSP 83: n=53, p=0.1195). Error bars represent standard
error.

Aim 3: Immunity
After removal of data with target gene expression above 34.99 and DNA quality (260/280) less
than 1.7, a Generalized Linear Model was created, assuming normal distribution and using the
maximum likelihood estimation method, by life stage (larvae or adult) and target gene. Larval
gene expression differed significantly between groups for two genes (Figure 17). For the larvae,
the expression of Dicer and PPO 3 did not significantly differ in expression between the control
and experimental treatment groups. For the larval expression of Dicer, the least square mean for
the control group was -4.37167 +/- 0.347, and the least square mean for the experimental group
was -4.99502 +/- 0.260 (n=51, p=0.1133). For the larval gene expression of PPO 3, the least
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square mean for the control group was -3.99833 +/- 0.345, and the least square mean for the
experimental group was -4.40243 +/- 0.248 (n=53, p=0.2939).
The larval expression of Dome significantly differed between the control and
experimental groups (n=51, p=0.0383), as did the expression of Spatzle (n=44, p=0.0035). For
Dome, the least square mean for the control group was -5.86778 +/- 0.378, and the least square
mean for the Roundup™ treatment group was -6.76408 +/- 0.283. Therefore, Dome was
significantly downregulated by 15.27% (0.8963 cycles). For Spatzle, the least square mean for
the control group was -8.92302 +/- 0.432, and the least square mean for the Roundup™
treatment group was -10.37940 +/- 0.325. Therefore, Spatzle was significantly downregulated
by 16.32% (1.45638 cycles).
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Figure 17. Larval Immune Gene Expression. Least Square Means of the Delta Ct values are shown. Dome and
Spatzle were expressed at significantly different levels between the control and experimental Roundup™ treatment
groups (Dome: n=51, p=0.0383; Spatzle: n=44, p=0.0035). Dome was downregulated by 15.27% in the Roundup™
treatment, and Spatzle was downregulated by 16.32% in the Roundup™ treatment. Larval expression of Dicer and
PPO 3 had no significant differences between treatment groups (Dicer: n=51, p=0.1133; PPO 3: n=53, p=0.2939).
Error bars represent standard error.

None of the adult genes expressed at a level that significantly differed between the
control and Roundup™ treatment groups (Figure 18). For adult gene expression of Dicer, the
least square mean for the control group was -1.28881 +/- 0.549, and the least square mean for the
experimental group was -0.94553 +/- 0.396 (n=39, p=0.5159). For adult expression of Dome,
the least square mean for the control group was -1.24761 +/- 0.583, and the least square mean for
the experimental group was -1.00210 +/- 0.450 (n=42, p=0.6703). For adult expression of PPO
3, the least square mean was -1.36230 +/- 0.676, and the least square mean for the experimental
group was -0.89426 +/- 0.477 (n=40, p=0.4347). For the adult gene expression of Spatzle, the
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least square mean for the control group was -2.12489 +/- 0.610, and the least square mean for the
experimental group was -2.00681 +/- 0.485 (n=37, p=0.8544).
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Figure 18. Adult Immune Gene Expression. Least Square Means of the Delta Ct values are shown. No adult
immune genes were expressed at a significantly different level between the control and experimental Roundup™
treatment groups. (Dicer: n=39, p=0.5159; Dome: n=42, p=0.6703; PPO 3: n=40, p=0.4347; Spatzle: n=37,
p=0.8544). Error bars represent standard error.
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DISCUSSION
This study is a novel investigation into the off-target effects of the herbicide Roundup™ on the
mosquito and its ability to vector diseases. Given that mosquitoes encounter anthropogenic
effects in the environment, such as rising global temperatures and pollutants in runoff, it is
critical for global human and animal health to understand how vector-borne disease transmission
will be affected.
The objective of this study was to assess whether larval development in the maximum
sublethal dose of the herbicide Roundup™ affects larval and adult Aedes aegypti life history,
stress response, and immune function, in the framework of better understanding the R0 model of
disease transmission by accounting for changes in vector immune function. The study’s
objectives were achieved with a robust dataset, comprised of four blocks of the experiment, each
with four experimental and two control replicates. Our hypotheses proposed that larval
development in the Roundup™ would alter life history traits (development time, body size) and
increase signatures of stress in the experimental group (upregulation of heat shock genes, wing
asymmetry). Additionally, exposure to sublethal doses of Roundup™ was expected to cause a
downregulation of immune genes.
From the evaluation of mosquito life history in Aim 1, the hypothesis that larval exposure
to Roundup™ would alter life history traits associated with developmental stress was partially
supported. The data indicated no significant differences between Aedes aegypti developing in
Roundup™ compared to the control group for centroid size (a proxy for body size), survival, or
sex ratio. However, there were significant differences in the development times to the pupal and
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adult stages, with mosquitoes in Roundup™ having delayed development for both stages. No
significant difference in survival from the larval stage to adulthood was found, which follows the
expectation of the Roundup™ concentration as a maximum sublethal dose. While no
morphological differences were found, the delayed development times support the first
hypothesis that larval development in Roundup alters mosquito life history traits.
From Aim 2, the hypothesis that larval exposure would increase signatures of
developmental stress through heat shock protein expression in larvae and adults and through
fluctuating asymmetry of wings in adults was mostly unsupported by the data. There were no
significant differences in centroid size fluctuating asymmetry, shape fluctuating asymmetry, and
expression of heat shock proteins in both larvae and adults. However, the delayed development
times to pupation and adulthood (in Aim 1) can be considered a marker of developmental stress.
For Aim 3, the hypothesis that larval exposure to the herbicide would suppress adult
immune gene transcription was not supported by the data, as there were no significant
differences in immune gene expression for the control and treatment groups. However, there
were significant differences in the larval immune gene transcription levels with exposure to
Roundup™. The immune genes Dome and Spatzle were downregulated in larvae developing in
the maximum sublethal dose of Roundup™. This study provides novel insight into how larval
exposure to an herbicide commonly found in runoff affects the immune function of larvae and
adult mosquitoes as they develop across critical life stages.
The delayed development times and the downregulation of Dome and Spatzle in the
larvae suggest that the Roundup™ was inducing stress on the physiological functions in the
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mosquitoes. When facing an environmental stressor, the energetic trade-offs in mosquitoes may
be altered, resulting in reduced immune function or slower development. The downregulation of
Dome, a transmembrane receptor for the JAK-STAT pathway, and Spatzle, a critical component
of the TOLL pathway, suggests that the larvae have reduced immune function due to their
development in Roundup™. While no differences in adult immune gene expression were found,
studies have indicated that larval immune function may affect the competency of adult mosquito
immune systems (Brown, Shapiro, Thompson, Estevez-Lao, & Hillyer, 2019; Brown,
Thompson, & Hillyer, 2018). Additionally, Roundup™ has been shown to negatively impact
midgut microbiota of bees, suggesting that Roundup™ may not only alter mosquito immune
responses, but it may also alter the ability of midgut microbiota to inhibit pathogens (Dai et al.,
2018; Motta et al., 2018).
While the hypothesis that adult immunity and aspects of physiology (size, symmetry,
stress response) would be negatively affected by herbicide exposure was not supported by this
study, the study indicates that Roundup™ negatively influences mosquito development and
larval immune function. This poses new questions about the physiological effects of Roundup™
on mosquitoes across life stages, and at a concentration above the maximum sublethal dose,
changes in adult life history, immunity, and stress may occur.
The present study indicates that Roundup™ may alter the ratio of vectors to human hosts,
in which delayed development may reduce the number of vectors present in a given time period.
Given the delayed development and the downregulation of genes from two immune pathways in
the larvae, a new hypothesis is that higher concentrations of Roundup™ or combinations with
other agrochemicals would downregulate adult immune genes and result in reduced immune
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function, increasing the probability that a pathogen disseminates to the salivary glands,
increasing transmission efficiency c in the modified R0 model by the extent to which immunity is
reduced.
This study’s results are in line with the results of Morris et al. (2016), as both indicated
that Roundup™ negatively affected eclosion time. However, Morris et al. (2016) used the active
ingredient glyphosate (instead of the Roundup™ formulation) at a lower concentration,
111µg/mL. Despite the use of a higher concentration in this study, the negative impacts on
survivorship and body mass that Morris et al. (2016) found were not present at the maximum
sublethal dose tested in this study. However, the results from the present study and from Morris
et al. (2016) are both not in accordance with the lack of a significant difference in emergence
times found by Bara et al. (2014). Additionally, Bara et al. (2014) found skewed sex ratios in
Aedes aegypti developing in Roundup™, which was not a finding of this study. Furthermore, no
previous studies have evaluated the effects of Roundup™ on the immune function or stress
response of Aedes aegypti mosquitoes, so this study serves as an initial step in the evaluation of
herbicides on mosquito immunity and physiology.
While this study proposes an enhanced model for R0, with the modification of c to
account for the effects of the vector immune response and potential changes by herbicide
exposure, the model has several assumptions that may not always hold true and could be
improved upon further. This model assumes that there are only mosquito and human hosts (i.e.
no other animal hosts), and that horizontal transmission is the sole mechanism of transmission.
The model also assumes that the components of the model are fixed over time. Additionally,
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other environmental factors, such as temperature, play a key role in vector-borne disease
transmission (Tesla, Demakovsky, Mordecai, et al., 2018).
Limitations, Design Improvements, and Future Studies
While this study produced a robust data set for analysis of life history, immune gene expression,
and stress response, the data would have been more robust if RNA extraction methods were
optimized from the outset. Initial RNA extraction methods did not use chloroform prior to
extracting with the miniprep kit, resulting in poor RNA quality and low concentrations of RNA,
likely due to the tissues of the mosquito exoskeleton. Future methods should always perform a
chloroform phase separation prior to performing an RNA miniprep. In that way, this study is
limited by the quantity of gene expression data that followed the quality guidelines we
established. Additionally, Block 1 of the experiment did not have larval samples, as this was
added to the experimental design following Block 1.
Additionally, fluorophore-based qPCR (with SYBR green) was utilized in this study, and
future experimental designs could be more efficient and accurate by using probe-based qPCR.
Probes were unable to be optimized for the genes in this study, but additional time and
optimization could allow for probe-based chemistry and duplexing to increase efficiency.
The results of this study warrant further experiments using higher concentrations of
Roundup™ to evaluate whether the lack of significance with adult immune gene expression may
be due to dose-dependence. Higher concentrations of Roundup™, closer to the field-application
rate (4880ug/m2) should be evaluated, including an LD50 dose of Roundup™.
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Additionally, other measures of fitness could be evaluated, including egg to adult
survival, which would require containers for individual mosquitoes. Fecundity could also be
assessed, as the Kibuthu et al. (2016) study suggested that Glyphosate may alter oviposition and
fecundity. To improve upon the R0 model and the modification of b proposed in this study, gene
expression could be studied after midgut microbiota inhibition with tetracycline. Future studies
should also assess other agricultural chemicals, including herbicides and insecticides. Studies
with imidacloprid and pendimethalin are also in progress.
Furthermore, this study is limited in the statistical analysis of shape and fluctuating
asymmetry performed, using h2 values to compare separate ANOVAs. Future analysis using one
model allowing for the addition of treatment groups would be largely beneficial for comparing
the shape coordinates of the wings. Additional morphometric analyses with more clearly defined
algorithms are necessary for stronger comparisons. Future work could also be improved by
chemically removing the scales from the wings to improve visualization of the wing veins and
accuracy of landmark digitization (Carvajal et al., 2016; Lorenz & Suesdek, 2013).
Implications and Broader Impacts
The effects of disease-transmitting, non-target organisms experiencing exposure to sublethal
concentrations of herbicides in critical, developmental stages may have important implications in
disease transmission and vector control practices. Given the negative effects on larval immunity
and development, with further studies, policy recommendations against the use of higher
concentrations of Roundup™ could be made. If Roundup™ is reducing mosquito immune
function and physiology, which may increase vector-borne disease transmission by the R0 model,
then Roundup™ should not be used at high concentrations, and alternate agricultural chemicals
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should be sought out. The results of this study suggest that chemicals not previously thought to
have effects on off-target organisms may be inducing physiological changes. This can be
applied to other human disease vectors, such as biting midges and aquatic snails. Agriculturally,
this is relevant to insects that transmit diseases to plants or that serve a role in pollination.
This study provides novel insight into the effects of the herbicide Roundup™ on the life
history, immune function, and stress response of Aedes aegypti mosquitoes across life stages,
with critical implications in our current model of disease transmission. Additionally, this study
serves as a step to improve the R0 model of vector-borne disease transmission by better
accounting for the effects of environmental conditions on the immune function of mosquitoes,
and how this translates to changes in pathogen transmission efficiencies. Using this study as a
model framework, other insect vectors may also be evaluated for changes in life history, stress,
and immune function post-exposure to sublethal concentrations of herbicides and other
agricultural chemicals. For this reason, this project can serve as a foundation for future
ecotoxicological studies, while also serving as a basis for guidelines to vector control and disease
management.
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APPENDIX A: ANOVA TABLES FOR R WING ANALYSIS
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The following R scripts indicate the ANOVA tables produced for each treatment group and
block combination.
Block 1 Experimental (Roundup) Shape ANOVA:

Block 1 Control Shape ANOVA:
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Block 2 Experimental (Roundup) Shape ANOVA:

Block 2 Control Shape ANOVA:
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